Fossil information is essential for estimating species divergence times, and can be integrated into 14 Bayesian phylogenetic inference using the fossilized birth-death (FBD) process. An important 15 aspect of palaeontological data is the uncertainty surrounding specimen ages, which can be 16 handled in different ways during inference. The most common approach is to fix fossil ages to a 17 point estimate within the known age interval. Alternatively, age uncertainty can be incorporated 18 by using priors, and fossil ages are then directly sampled as part of the inference. This study 19 presents a comparison of alternative approaches for handling fossil age uncertainty in analysis 20 using the FBD process. Based on simulations, we find that fixing fossil ages to the midpoint or 21 a random point drawn from within the stratigraphic age range leads to biases in divergence time 22 estimates, while sampling fossil ages leads to estimates that are similar to inferences that employ 23 the correct ages of fossils. Second, we show a comparison using an empirical dataset of extant 24 and fossil cetaceans, which confirms that different methods of handling fossil age uncertainty 25 lead to large differences in estimated node ages. Stratigraphic age uncertainty should thus not 26 1 be ignored in divergence time estimation and instead should be incorporated explicitly. 27 2 1 Introduction 28
Empirical dataset 140
To explore the impact of stratigraphic age uncertainty on empirical estimates of divergence 141 times, we compiled a dataset of Cetacea containing both fossil occurrences and an alignment 142 of sequences for extant species. This group was chosen based on the availability of a large 143 molecular alignment representing almost all extant species, in combination with well-curated 144 and comprehensive stratigraphic occurrence data. This group has also been the focus of a large 145 number of molecular dating studies (36; 37; 38; 39; 40) . 146 2.2.1 Fossil occurrence data 147 We obtained data on 4473 fossil occurrences from the PBDB on April 5th, 2018, using the 148 parameter "scientific name = Cetacea". The full dataset could not be used due to mixing issues, 149 so we subsampled 10% of the fossils at random, obtaining 448 fossil occurrences. The classification 150 of taxa into suprageneric ranks was largely based on (41) . A list of genera and their taxonomic 151 membership as used in the subsample is provided in the Supplementary Materials. We used the 152 minimum and maximum age for each fossil occurrence as recorded in the Paleobiology Database. We used the alignment provided by (36), which contains sequences for 6 mitochondrial and 9 155 nuclear genes for 87 of 89 extant cetacean species. We excluded from our analysis the 3 outgroup 156 taxa which were present in the original alignment, as our dataset contains no fossils for these for the simulated data, with the exception of the substitution model, which was set as specified 164 in the previous section. As the correct ages of the fossils in this dataset are unknown, we limited 165 our comparison to median ages, random ages and interval ages.
166
Topological constraints were set at both the genus and the family level, following the clas-167 sification from PBDB, so that each genus or family formed a monophyletic clade in the tree.
168
Samples whose position could not be determined were not included in any clade constraint, and 169 thus could appear anywhere outside of the determined clades. 170 Following the model described in (43) for the analysis of empirical data, we unlinked the 171 substitution models and among-site rate variation across partitions but linked the clock model 172 and applied partition-specific rate multipliers to account for variation in evolutionary rates. We measured the relative error of the median estimates for the divergence times and FBD model 181 parameters obtained using different approaches to handling stratigraphic age uncertainty. We 182 also calculated the coverage, i.e the number of analyses (out of 100 trees) in which the true 183 parameter value was included in the 95% highest posterior density (HPD) interval. The error 184 and coverage of the divergence times for each tree were averaged across all nodes of the extant 185 tree, i.e. all nodes that were the most recent common ancestors (MRCA) of extant tips. Results
186
for the divergence times, diversification rate and turnover estimates are shown in Figure 3 . are very close to the results obtained using the correct age of the fossils. However, median and 189 random ages did much worse than other methods. This is particularly apparent for estimates of 197 there are important discrepancies between the results obtained using correct ages, interval ages 198 and symmetric interval ages, versus median ages and random ages.
199
The relative 95% HPD interval widths are shown in Table 2 . Sampling fossil ages along with 200 other model parameters (based on the PBDB or symmetric age intervals) did not result in wider 201 HPD intervals than fixing the fossil ages to the truth. Fixing fossil ages to the wrong values 202 (i.e using median ages or random ages) did not have a consistent effect on HPD interval width.
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For example, HPD intervals were wider for the divergence time estimates but narrower for the 204 diversification rate. This reveals that the better coverage obtained for interval ages compared to 205 median or random ages were not obtained at the expense of precision in the case of divergence 206 times, i.e higher coverage is not simply due to wider HPD intervals. We evaluated the performance of the different inference methods by calculating the processing 209 time required per effective sample. We used the effective sample sizes for the posterior distribu-210 tion and for the total height of the tree. The results are shown in Table 3 . We observed no clear 211 correlation between sampling or fixing fossil ages and the performance in this dataset. 212 9 Figure 4 shows the MCC trees obtained using different methods of fixing ages, restricted to 214 extant tips. There are few differences in topology, which is expected as we applied strong 215 topological constraints in this analysis. However, divergence time estimates vary considerably 216 between different approaches to handling age uncertainty, and is most apparent for older nodes 217 in the tree. For instance, the most recent common ancestor (MRCA) of all extant cetaceans 218 is 44 Ma old using interval ages, in contrast to 50 and 61 Ma using random and median ages, 219 respectively. The relative difference between the median node ages inferred with interval ages 220 versus median ages, averaged across all nodes, is 15%. However, there is wide variability; some 221 nodes show almost no difference (< 1%), while in other cases the median age estimate obtained 222 using median ages is double the estimate obtained using interval ages. The relative length of the 223 95% HPD intervals for the divergence time estimates is 52% of the median estimate for interval 224 ages, 54% for median ages and 26% for random ages, also averaged across all nodes. Thus using 225 random ages lead to much narrower posterior distributions for the divergence time estimates. 226 An example of the strong influence exerted by fixing fossil ages on estimated node ages is 227 shown in Figure 5 . We can see that the posterior distribution obtained using interval ages is 228 much wider. However, when using median or random ages, the age of the node is constrained to 229 within a much narrower interval. The fossil specimen imposes a lower bound on the distribution 230 that is potentially in conflict with the phylogenetic data and/or other age constraints, resulting 231 in a posterior distribution with a strong peak at the lower bound. For this node, the 95% HPD 232 interval is of length 2.92 for the interval ages, 3.91 for median ages and 2.65 for random ages.
233 Figure 6 shows a comparison of the estimates of the FBD process parameters obtained using 234 different methods of age handling. For these parameters, all estimates show a trend going from 235 median to random to interval ages. The diversification rate is most robust to the choice of fossil 236 age, as all the HPD intervals overlap. However, we see a trend for an increasing diversification 237 rate estimate, from median to random to interval ages. The turnover is estimated to be higher 238 and the sampling proportion much lower with median ages than with interval ages. These trends 
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The analysis of the cetacean dataset illustrates how strongly estimates of both divergence 260 times and biologically relevant parameters, such as diversification rate, can be affected by the 261 choices made in handling fossil age uncertainty. The difference between the median posterior 262 estimate obtained for the age of Neoceti (crown cetaceans) using fixed median ages versus interval 263 ages is nearly 20 Ma. Furthermore, analysing this dataset with median ages would show a 264 strong discrepancy between the divergence time estimates obtained using the FBD model and 265 the estimates obtained using fossil calibration in the original node dating analysis (36), which 266 estimated the origin of the Neoceti to be 36 Ma. However, accounting for stratigraphic age 267 uncertainty shows that this is not the case: the MRCA age obtained using interval ages matches 268 more closely both with the original analysis and with more recent studies such as (39), which 269 11 estimated the MRCA age to be 39 Ma. It is not possible to definitively determine which outcome 270 is closer to the truth in our empirical analysis, but our simulations clearly indicate that estimates 271 obtained using interval ages should be considered the most reliable.
272
It is worth noting that the average range of age uncertainty associated with fossils included 273 in our simulations and empirical analysis is relatively small (8 and 4 Myr, respectively). This 274 reflects our decision to focus on well-studied Cenozoic fauna with extant representatives, but the 275 fossil record of many taxonomic groups and time periods will be associated with much greater 276 uncertainty. For example, the age of many pre-Cenozoic deposits are poorly constrained. Thus, 277 the discrepancies obtained using different age handling methods have the potential to be much 278 larger than those demonstrated in this study. This may be especially important to consider in 279 the context of FBD analyses for groups that have no extant representatives.
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In our experiments, no character data was included for extinct samples, meaning fossil recov-281 ery times can inform the FBD model parameters, but the phylogenetic position of these samples 282 cannot be estimated. If morphological character data is available for fossils, their phylogenetic 283 position can also be inferred along with divergence times (43; 45), meaning no taxonomic deci-284 sions have to be made a priori by assigning fossils to clades as done here. This could increase the 285 impact of mishandling fossil age uncertainty, especially since morphological character matrices 286 available for fossils are typically small (e.g. 50-200 characters).
287
Finally, it is worth emphasising the distinction between the age range associated with fossil 288 specimens and fossil species. The latter is known as the stratigraphic range of a species, and 289 represents the interval between the first and last appearance times. Here, we implemented 290 the specimen-based FBD process, meaning all available specimens were incorporated into the 291 analysis. Although we note some studies have applied this model to the analysis of stratigraphic 292 range data, this is not technically appropriate. Instead, stratigraphic ranges should be analysed 293 under the FBD range process (46), however no implementation in BEAST2 is yet available. We 294 note that when this model does become available, the uncertainty associated with specimens 295 representing the ends of stratigraphic ranges should be incorporated into the analysis, rather 296 than being fixed, otherwise we anticipate similar performance issues to those demonstrated in 297 this study.
In this study we demonstrate that the choice of method for handling fossil age uncertainty 300 can have important effects on estimates of species divergence times obtained under the FBD 301 process. Our simulation results clearly favour a Bayesian hierarchical approach to handling 302 fossil age uncertainty based on the actual age intervals, as opposed to fixing the ages to an 303 arbitrary value inside that interval. In addition, our empirical dataset demonstrates that the 304 rigid age constraints given by fixed fossil ages can lead to age estimates that are very different 305 from those obtained using a traditional node dating approach, whereas a more flexible approach 306 to handling fossil ages recovers similar estimates. Thus we strongly recommend against fixing Figure 2 : Representation of the age uncertainty simulation process. Phylogenies with fossils are simulated according to a birth-death-fossilization process. The correct age of each fossil is used to draw an age interval for that fossil from the set obtained from PBDB. This age interval is then used as the basis for the median and random age assignment. A symmetric age interval is also drawn from the correct age. Figure 6 : Estimates of the diversification rate, turnover and sampling proportion obtained for the Cetacea dataset using the FBD process with fossil ages fixed to median ages, random ages or sampled within the known interval of uncertainty.
